Introduction
Although reverberation helps the intelligibility of speech in a small room, it usually degrades the intelligibility in a large room. Self-masking and overlap-masking have been reported to be causes of such degradation [1] . In the case of overlap-masking, the ''reverberation tail'' of preceding speech segments masks the following segments and degrades the intelligibility.
Studies evaluating the intelligibility of monosyllables (e.g., [2, 3] for English and [4] for Japanese) show that consonants are more often confused than vowels owing to reverberation. This is for the following two reasons: 1) vowels are inherently more intense in general and 2) vowels are sustainable. Because of the first reason, the ratio of the level of a target speech segment to the reverberation tail of preceding segments, or the speech-to overlap-masking ratio (SOR) [5] , becomes relatively high. Because of the second reason, vowels with slow temporal movement are less affected by their temporal structure. However, for consonants, they are often less intense and the SOR becomes relatively low. Moreover, consonants have more rapid temporal movement and their temporal structure is more fragile, in addition to the strong influence of overlap-masking.
The temporal structure of an utterance plays an important role in determining its meaning in a language. In Japanese, there are special morae with length contrasts between long and short vowels or long and short consonants (geminate consonants). For example, in the former case, /obasaN/ and /obaRsaN/ have different meanings (aunt vs grandmother), and in the latter case, /kata/ and /kaQta/ have different meanings (type vs bought). There is another type of special mora called ''the moraic nasal,'' and it also yields a length contrast between long and short nasals, such as /ama/ and /aNma/ (nun vs massage). (Note that /R/, /Q/, and /N/ are used in the present study to represent a long vowel, geminate consonant, and moraic nasal, respectively.) It has been reported that native listeners of Japanese categorically distinguish short vs long vowels/consonants [6, 7] . Historically, categorical perception is well known for the perception of voiced consonants, such as /b/, /d/, and /g/, in English and other languages [8] . When listening to such sounds along a continuum synthesized by changing the onset frequency of the second formant, a listener can easily identify /b/, /d/, or /g/ within each category. In addition, within each category, a listener can hardly discriminate between the adjacent steps in the continuum. For short vs long vowel/consonant contrasts in Japanese, identification tests of continua have been conducted by changing the duration of target vowels and consonants in many previous studies [e.g., 6, 7, 9] .
Thus, special morae relate to the temporal structure of an utterance in Japanese; however, it is not well understood how reverberation affects the temporal structure in Japanese. Therefore, in this study, we conducted two identification tests with and without reverberation for utterance sets of monosyllables and continua of nonsense words with special morae. In particular, we hypothesized that the identification of certain words with the long-short judgment becomes difficult under reverberant conditions. In general, reverberation makes the horizontal direction ''blur'' in a time-frequency representation, such as a sound spectrogram. As a result, phonetic boundaries become vague along the time axis. Thus, it is hypothesized that the long-short judgment with reverberation is difficult because the segmentation of phones becomes more difficult, and therefore, the results of the identification tests are affected. For the identification test of monosyllables, we followed a previous study [4] and increased the number of monosyllables. For the identification test of continua with special morae, we used continua of nonsense words with a long vowel, geminate consonants, and a moraic nasal.
Perceptual experiment 2.1. Speech samples
In the present study, we recorded two sets of speech Ã e-mail: arai@sophia.ac.jp samples for the two experiments. The first stimulus set contained 62 monosyllables of Japanese. These were obtained by combining 20 consonants (Cs) and 5 vowels (Vs) and extracting phonotactically legal combinations. For the second set, we recorded the following five nonsense words with special morae to make a continuum for each word. Long vowel: /babaR/ Geminate consonant: /aQpa/, /aQta/, and /aQka/ Moraic nasal: /aNma/ The pitch accent patterns of these words were all HLL (high-low-low) type. We originally predicted and wanted to verify that the long-short contrasts in the word-final position are more difficult to perceive than those in the word-medial position, especially in the case that the target word is focused in a carrier phrase. Because the focused target word is more intense than the following carrier phrase, the onset of the following segment immediately after the final segment of the target word is easily overlapped with reverberation tails of the previous segments and the segment boundary becomes unclear. As a result, it seems that fewer cues are available for length contrast judgment in the word-final position. However, according to the phonological rules in Japanese, only the long vowel /R/ is allowed to make minimal pairs with and without a special mora in the word-final position. Therefore, /Q/ and /N/ are placed at the word-medial position instead.
The speaker was a male native speaker of the Tokyo dialect in his twenties. The carrier sentence of ''Korekara kikoete kurunowa, desu.'' (You will hear .) was used, and the target monosyllables or words were embedded within the sentence. The recordings were made in a sound-treated room, and a digital recorder (Sony PCM-D50) and microphone (Sony ECM-MC957) were used (sampling frequency of 44.1 kHz and 16-bit quantization).
Stimuli
For the monosyllable stimulus set, we first extracted the target monosyllables from all the recorded sentences. We then selected one recorded carrier sentence. Finally, we digitally embedded each target monosyllable into the same carrier sentence, so that the intervals between the pre-target carrier phrase and the target monosyllables were always 150 ms, as was done in the previous study [4] .
For the special mora stimulus set, we created five continua. For the long-vowel continuum, or the /R/-continuum, we started with a long vowel and obtained shorter versions by removing one cycle at a time using Praat software [10] . For the geminate-consonant continua, or the /Q/-continua, we started with long consonants and obtained shorter versions by removing a certain amount of the closure portion at a time for each consonant: 10 ms for /p/, 12 ms for /t/, and 15 ms for /k/. Likewise, for the continuum of the moraic nasal, or the /N/-continuum, we started with a long consonant and obtained shorter versions by removing a certain amount of the nasal murmur at a specific time. Finally, we digitally embedded each target nonsense word into the same carrier sentence as that for the monosyllable stimulus set.
For each stimulus set, the stimulus sentences were repeated three times as different trials and the order was randomized for each participant.
Participants
The participants of the perceptual experiment were 11 native speakers of Japanese (three males and eight females), all of them from Tokyo or its vicinity. They self-reported that they all had normal hearing and were aged 20 to 27 years with an average age of 23.5 years.
Procedure
The experiment took place in a soundproof room in the Arai Laboratory at Sophia University. We used Praat [10] , an application for speech research, to run a script to play stimulus sounds and log the participants' responses. In the session for monosyllables, we listed 62 morae on the PC screen and asked participants to select one of the options by clicking a mouse button. In the session for special morae, we displayed a pair of long vs short nonsense words on the PC screen and asked participants to select one of the two options. In addition to responding to either the long or short word, we also asked participants to evaluate their confidence in their previous response on a five-point scale (from 1: not confident through 5: confident). The special-mora session included a training session with ten trials with reverberation, prior to the main session.
All stimulus files were stored on a PC and were played via an audio interface (RME Fireface 800) and a digital mixer (Yamaha DME24N). The audio signals were emitted through four loudspeakers (Genelec 8020A), and each participant sat on a chair placed in the middle of the four loudspeakers. The loudspeakers were positioned along the circumference of a circle with a radius of 1.3 m at equal angles of 45 to the left/right and front/rear. A digital reverb machine (Roland RSS-303) was connected to the digital mixer, which we used to play stimuli for the conditions both with and without reverberation. For the reverberant condition, we used a preset reverberation with a long reverberation time. We measured the impulse response of the sound field by playing a swept sine signal through the loudspeakers used in the actual experiments and received the response at the point of the participant's head position. For the reverberant condition, the average reverberation time was 2.7 s among 1/1 octave bands from 500 Hz through 2 kHz. The non-reverberant condition was achieved by bypassing the digital reverb module at the digital mixer; only the two front loudspeakers were used for this condition. In this case, the measured reverberation time at the reception point was 0.1 s.
Results and discussion

Monosyllables
The correct response rates of the 11 participants among the 62 morae were 98.0% for the non-reverberant condition and 84.7% for the reverberant condition. This result confirmed that even for native speakers, the intelligibility of monosyllables decreases when the reverberation time is relatively long as in this study. To investigate the error patterns of speech with reverberation, we focused especially on the confusion matrices in terms of the voicing and manner of articulation, as shown in Tables 1 and 2 , respectively. The data in the parentheses in these tables are from Appendix B of the previous study [4] . In general, the results of the present study show the same tendency as those in [4] . For example, there were few errors in voicing but some errors between stops and fricatives. Moreover, some of the nasals were misperceived as stops. Figures 1-3 show ''Long response rate'' as a function of the step number for each continuum of long vs short vowels/ consonants. As a general tendency among all of the figures, we observed the following points:
Special morae
1) the results of the non-reverberant conditions show categorical perception with the categorical boundaries located around step 5;
2) the results of the long/short vowels show that the categorical boundaries of the reverberant conditions shifted towards ''Short'' compared with those of the non-reverberant conditions, i.e., the results of the long/short vowels show that the responses strongly tended to be ''Long'' with reverberation in general; and 3) the results of long/short consonants of the geminate consonants (/p/, /t/, /k/) did not show any large differences between the non-reverberant and reverberant conditions, while the results of the long/short moraic nasals show a categorical boundary shift.
In this study, the target vowel in the long/short vowels was located at the word-final position. Therefore, even native listeners were not able to estimate the length of the vowel under the reverberant conditions, where the temporal structure of speech sounds was corrupted by reverberation. Figure 4 shows the temporal waveform of /baba/ and its sound spectrogram with and without reverberation. When there is no reverberation, as shown on the left of this figure, speech sounds can be segmented relatively easily, while it becomes difficult to identify /baba/ or /babaR/ with reverberation, as shown on the right of this figure, even by visual inspection.
On the other hand, the singleton/geminate consonants were in the word-medial position. Participants might be able to infer the approximate closure durations from the bursts of stop consonants and the following vowel under the reverberant condition. Although the nasal murmur of /aNma/ also was in the word-medial position, the results showed a category boundary shift. It is conceivable that the nasal murmur overlapped the following vowel /a/, then the beginning of the vowel (the end of the nasal murmur) became unclear. This suggests that the overlap-masking might affect the perception of nasal murmur duration more than that of closure duration in Japanese singleton/geminate distinction. If the native listeners give more ''Short'' responses under the reverberant conditions than under the non-reverberant conditions, this implies that they hypercorrected their speech perception by estimating the original (non-reverberant) segmental duration from the reverberant version (hypercorrection). In this study, however, they tended to simply perceive them as ''Long'' segments owing to reverberation (hypocorrection). Whether experimental results show hypercorrection or hypocorrection generally depends on the experimental conditions.
Summary
In this study, we focused on the speech perception of monosyllables and special morae in Japanese and compared the results under a reverberant condition with those under a non-reverberant condition. From the results of the monosyllables, we confirmed that even native speakers confuse part of the stimuli with relatively long reverberation. Furthermore, for the continua of nonsense words with special morae, we conducted long vs short identification tests. As a result, we found that reverberation affects the listeners' performance, especially when durational cues are used.
Perceiving announcements through a public address system in a large room, such as large halls, subway stations, and airport terminals, is often difficult even for native listeners. For non-native listeners, it is even more difficult. One of the major applications of the present study is providing more intelligible speech signals through such a system in a large room for native and non-native listeners. Testing with a larger set of stimuli and listeners including non-native listeners will be part of our future work. 
